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Abstract 
In central receiver solar power plants the accuracy of heliostat aiming affects directly the plant efficiency.  This accuracy depends 
on multiple factors, some of which are alignment and operation parameters like: canting, pedestal leveling, elevation and zenith 
orientations, structural deformation, and clock-date timer accuracy to calculate solar position. All of those factors produce drift of 
the heliostat concentrated radiation spot. The error parameters differ from heliostat to heliostat in a field, and affect each one in a 
different manner, depending on their location in the field. Trying to compensate by software for every single error parameter, and 
for each heliostat is a hard, time consuming, and impractical task. Instead of that, a dynamic drift compensator may be used to fix 
the problem. This corrector works well for certain period of time, requiring a recalibration whenever the heliostat image shifts 
beyond the tolerance region. This method requires less effort, resulting in a practical solution to drift correction. This work 
reports on the implementation of a dynamic drift compensator based on a static third order polynomial function, at the Heliostat 
Test Field in Hermosillo, Sonora, Mexico. The results are compared to theoretical predictions based on error parameters for one 
heliostat. 
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Nomenclature 
h  Relative height from heliostat to target 
L  Horizontal distance from heliostat to target 
nˆ  Heliostat normal unit vector   
rˆ  Heliostat to target unit vector   
sˆ  Solar vector     
t  Time      
T  Solar zenith angle    
\  Solar azimuth angle    
E  Heliostat normal zenith angle   
J  Heliostat normal azimuth angle 
E'  Heliostat normal zenith offset 
J'  Heliostat normal azimuth offset 
H  Pedestal tilt angle 
N  Pedestal tilt direction angle 
M  Tilt error rotation matrix 
 
Subscritps 
 
e Vectors with errors 
1. Introduction 
Central receiver solar power plant technology is an attractive option for the sustainable electricity supply, and 
increasing attention is being given to it as the first fully commercial plants are being installed as well as new testing 
facilities [1]. A very important subject arising at these installations is the control of the heliostat fields. The quality 
of sun-tracking by heliostats is determinant in the concentration and temperature levels achievable at a given 
facility. Several types of systematic tracking errors may arise, that cause heliostat image drift [2-4], and different 
methodologies have been proposed to correct this behavior [5-7]. 
Four years ago Universidad de Sonora (UNISON) and Universidad Nacional Autónoma de México (UNAM) 
started the development of a central receiver research facility 21 km away from the city of Hermosillo, Mexico [8]. 
This facility is called Central Receiver Experimental Field (CREF), and consist currently of 24 heliostats prototypes 
of different sizes from 36 to 1.5 m2, spread across a 200 m distance from a tower 32 m high. Among other activities, 
research and development on heliostat control is carried out at this installation. 
In order to correct the drift observed for heliostats under test at the CREF a polynomial compensation is proposed 
in the present work. The developed method was applied experimentally and tested for ten heliostats for a 10 day 
period, showing good results. That experimental work is described here. Moreover, in order to assess the viability of 
the method for longer periods of time, drift behavior for a heliostat is numerically simulated here, by means of a 
previously developed model [2]. Into this simulation a routine describing the proposed compensation method is 
included, in order to study the validity of the compensation for different times of the year. 
2. Methodology 
Heliostat tracking is evaluated by taking images of the concentrated radiation spot produced over a flat 
Lambertian observation target. At the CREF this procedure is automated to take images in a continuous manner 
during operation. A temporal sequence of spot centroids is obtained by processing these images in real time [8].  
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2.1. Compensation strategy 
If tracking was ideal, the centroid of the concentrated radiation spot should remain at the same point for the 
whole duration of day. Instead of this, both wind produced oscillations and drift are observed [2]. Drift curves are 
obtained by smoothing the wind oscillations from the experimental curves [2], and describe the progressive 
displacement of the spot from its ideal position along the day. The objective of the tracking correction methods is 
minimizing this drift behavior. 
The idea of the proposed compensation method is based on the fact that when a heliostat fails to hit the desired 
target this can be corrected simply by subtracting the values of the observed vertical and horizontal displacements 
from the desired impact point coordinates (or adding them to the heliostat location coordinates [7]); i.e., by ‘moving’ 
the target. Therefore, a common solution to the problem is to ad constant corrections to each heliostat coordinates. 
As will be discussed below, this correction method solves only partially the problem, because compensating drift 
requires this displacement of the target to be dynamic. 
A dynamic compensation does not seem in principle very practical: during operation, heliostats are aimed at the 
receiver, and monitoring their drift requires moving each one of them very frequently to the observation screen. For 
a large field with many heliostats this is not possible.  
In spite of the above, it is observed experimentally, as well as in simulations, that the drift behavior usually 
produces curves that are well represented by low degree polynomials in the vertical and horizontal directions [2]; 
i.e., few slope changes are observed in the curves along the day. Therefore, the proposed method is based on 
introducing a dynamic compensation on the target coordinates that is described by a third degree polynomial. This 
polynomial must be fitted to experimental measurements, but these measurements should be as few as possible 
during the day, and one a compensation curve has been determined, it should work for many days without need to 
obtain a new polynomial.  
2.2. Experimental method 
To test the proposed compensation method the drift of a set of 10 heliostats was monitored by aiming them 
alternatively to the observation target, several times during the day. Each heliostat was monitored during one minute 
intervals every 30 minutes, taking pictures every second. Thus the average displacement from the center of the 
target based on 60 images was evaluated every 30 minutes, for each of the 10 heliostats. This was carried out from 
8:30 am to 14:00 pm on September 1st 2012, so 10 points were obtained for each heliostat. Then, a third degree 
polynomial as a function of time was fit to each heliostat displacement data.  
The next day the obtained polynomial was subtracted from the target coordinates in the control routine for each 
heliostat, and they were sampled again in the same schedule to check the effectiveness of the correction. A second 
check was done 11 days later (September 12). 
The sampling of the heliostat may seem too frequent, because, taking into account the transit time from the 
receiver to the target and the stabilization time, each sample requires 3 minutes, and only 10 heliostats can be 
sampled per hour. However, this was carried out just as a first test. It will be shown latter with the theoretical model 
that, in the one hand, much fewer samples are sufficient for the task and, on the other hand, once a heliostat has been 
corrected, this correction may last for months before a new correction is required. 
It is worth mention that heliostat sampling and polynomial fit can be fully automated in the control system, so 
they can become part of a routine operation schedule. 
2.3. Individual error simulation 
The simulations consist in calculating how the position of the impact point of the central ray from the heliostat 
varies as the different drift mechanisms come into play. The method has been discussed elsewhere [2] and here it 
will be only briefly outlined:  
First, the ideal normal vector of the heliostat is determined. This is determined by the solar vector, and the 
requirement that the central ray from the heliostat impacts the center of the target (Fig. 1). Then the equation the 
heliostat normal is given by 
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where the time dependence of the solar and normal vectors has been explicitly indicated, but the ideal relative 
position vector does not depend on time. This is the unit vector that points from the heliostat center to the center of 
the target. 
The solar unit vector is expressed in terms of the solar zenith and azimuth angles as 
)cos,cossin,sin(sin T\T\T s   (2) 
All tracking errors are expressed as perturbations of the normal vector from the ideal one given by eq. (1). Each 
type of error source will be characterized by a different modification to the ideal normal, as will be discussed below. 
Thus, once the distorted normal has been calculated, the real reflected ray direction is obtained from the law of 
reflection: 
> @)(ˆ)(ˆ)(ˆ2)(ˆ)(ˆ ttttt eee snnsr    (3) 
The intersection point on the screen is determined by the intersection of the reflected ray with the plane of the 
receiver (a vertical plane located at the front face of the tower).  
 
Fig. 1. Geometry of the problem. 
Two drift mechanisms are analyzed here (Fig. 2): the first is angular reference offset, where the home position of 
the angular mechanisms is not accurately defined: the home position sensors are no accurate enough, or not 
accurately located. The second is heliostat tilt, where the azimuth rotation plane is tilted, either because the pedestal 
or the gearbox are tilted, due to poor leveling or ground settling. Other error sources can be modeled but these two 
are sufficient to simulate drift phenomenology for the present purposes. 
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Fig. 2. Error due to angular reference offset (left), and inclination of the azimuth rotation plane due to gearbox tilt (right). 
The angular reference offset causes that the distorted heliostat normal vector becomes 
@> )cos(,)cos()sin(),sin()sin(ˆ eeeeee EEJJEEJJEE ''''' n   (4) 
The gearbox tilt error occurs because the azimuth rotation is not around a vertical axis (Fig. 5). The tilt angle with 
respect to vertical is ε , and the angle κ tell us in which direction the tilt happens. As a result of this error the normal 
vector is rotated by an angle ε in the plane defined by the direction κ and the zenith.  
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When the two errors are present, the tilt error should be applied in second place after the offset. 
2.4. Polynomial correction simulation 
The simulation of the polynomial correction is carried out trying to mimic the experimental procedure. The 
heliostat behavior is simulated for a whole day. For the initial time the displacement is evaluated and subtracted 
from the target coordinate in order to introduce a constant compensation. With this compensation the drift trajectory 
is simulated for the whole day. Four equally spaced samples are taken from such corrected displacements, during the 
operation hours (at 7:00, 10:20, 13:40, and 17:00). A third degree polynomial is fit to the displacement points in 
each of the 2 axes as a function of time, and these polynomials are the dynamic compensation. 
Once the polynomials are obtained, simulations including this compensation are run for every day during the 
following 6 months, calculating for each one them RMS deviation along each axis, to analyze how the introduced 
correction behaves as a function of the time of the year.  
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3. Results and discussion 
The results of the experimental implementation of the polynomial compensation method are shown in Figs 3 and 
4. The quantities presented are the horizontal and vertical displacements of the flux distribution centroid in the 
receiver plane, with respect to the target center. In Fig. 3, the points represent the behavior of two heliostats during 
the test carried out on September 1st. The lines correspond to the 3rd degree polynomials fitted to these experimental 
points, which were used for the compensation. The coordinates of the heliostat (in meters with respect to the target 
center and in the reference system of Fig. 1) are (-66.51, 14.31, -18) and (-89.18, 0, -17.13) respectively. Note that 
there are two groups of sample points missing at 12:00 and 12:30, which were discarded because clouds hid the sun, 
distorting the measurements.  
Fig. 4 corresponds to the test carried out ten days after the correction based on the obtained polynomials had been 
applied (September 12th). It can be observed that drift is significantly reduced and even after several days the 
correction is still very effective. 
 
       
Fig. 3. Sampling of deviation from target for two heliostats, in the vertical and horizontal axes, before applying compensation. Experiment carried 
out on September 1st 2012. 
      
Fig. 4. Sampling of the same heliostats as on Fig. 3, 10 days after applying the drift compensation (September 12th). 
According to the previous graphs, the proposed method seems a viable drift compensation strategy, at least for a 
few days. The next figures are intended to demonstrate, from a theoretical point of view, how this method behaves 
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in the long term. In Fig. 5, examples of theoretical drift curves are shown for every 10 days over a six month period, 
for two heliostats with particular values of the error parameters. Note that it is not necessary to simulate the other six 
months as the solar angles, and therefore the drift curves, are repeated.  
For one of the heliostats it is seen that the curves tend to close at the end of the day, and the general shape is 
maintained for the whole six month period. The second example shows a strong change in the shape. Nevertheless, 
in both cases it is seen how a third order polynomial may be sufficient to describe the behavior of each of the 
coordinates as a function of time, for every day. 
 
           
Fig. 5. Simulated daily drift curves for a heliostat at 89.18 m distance from the tower, every 10 days for six months, with two sets of primary 
error parameters: οߚ௘=-1 mrad, οߛ௘=1mrad, ߝ=2 mrad, ߢ ൌ ߨ (left);   οߚ௘=-3 mrad, οߛ௘=2 mrad, ߝ =2 mrad, kappa=ߢ ൌ ߨȀʹ   (right). 
Fig. 6 shows how the correction works for the second case of Fig. 5, which is the more difficult one. Four curves 
are displayed that correspond to the same heliostat in four different situations: the first one shows the drift curve 
before any correction; the second one displays the drift behavior after a constant displacement compensation has 
been introduced to the tracking equations on the first day, when the sampling to fit the polynomial is carried out; the 
third includes the dynamic polynomial compensation for the second day, based on the fit obtained the previous day; 
finally, the fourth shows how the heliostat behaves six months later, with no additional compensation.  
As can be observed from Fig. 6, simple displacement compensation may reduce most of the deviation from target 
but it does not suppress drift. Actually the residual drift on this example does not seem very much (of the order of 20 
cm), but it should be borne in mind that the distance to the heliostat is quite short in this case (91 m slant range), and 
the primary error parameter values considered are small (2-3 mrad; 0.1-0.2°), so translated to a farther heliostat with 
larger errors it can amount to a few meters. After the dynamic polynomial compensation is applied in Fig. 6, the 
residual drift reduces one order of magnitude with respect to the constant compensation. Finally, it is seen how six 
months after being applied, the dynamic compensation deteriorates to the level of the constant one.  
In view of the above, it is worth investigating how long the compensation can be expected to work, in order to 
determine an adequate recalibration schedule. This is explored in Fig. 7, for the two cases of Fig. 5. In this figure, 
the RMS daily deviation from the center of target is evaluated as a function of days passed since calibration. It can 
be observed how the polynomial seems to keep values within 50% of what is achieved with the constant 
compensation for at least 3 months. Therefore it seems that a recalibration every three months should suffice. 
Moreover, if the primary error conditions of the heliostat do not change in time, for instance due to replacement of 
sensors, ground settling, etc., the determination of four quarterly polynomial corrections during one year could be 
suffice for several years operation.  
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Fig. 6. Drift curves for the second example of Fig. 3, in the following situations: uncorrected curve for June 21st, corrected curve with constant 
compensation, curve with polynomial compensation (for the next day), and curve with polynomial compensation six months later. 
 
 
Fig. 7. Daily RMS deviation from center of target as a function of the number of days passed since calibration, for the two cases of Fig. 5. 
4. Conclusions 
A dynamic compensation method for heliostat drift based on third degree polynomial functions of time has been 
proposed. These polynomials are obtained based on a limited number of samples of heliostat behavior. The results 
presented here seem to indicate that as low as four samples of a heliostat taken during one day operation every three 
months could suffice to provide accurate tracking year round, and that this compensation could be repeated during 
several years. Therefore the proposed method seems promising for a practical application in central receiver solar 
power plants. More experimental and theoretical results may be necessary to further evaluate the proposed method. 
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